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Abstract 
In order to investigate the enhanced control and operation of wind power generation systems based on doubly-fed 
induction generators (DFIG) when grid voltage is unbalanced, a novel phase-locked loop system used to realize real 
time phase synchronization is presented. With the help of the novel PLL, the phase of positive sequence component 
can be obtained quickly and accurately, even if the grid voltage appears to be unbalanced and distorted. As a result, the 
rapidity and stability of PLL are greatly improved. The simulation and experiment results have verified the validity 
and effectiveness of it under the unbalanced and distorted grid voltage. 
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1. Introduction  
As the share of wind power generation in grid increases, which has a great influence on power quality, 
has aroused widespread interest. The uncertainty of wind energy and operating characteristics of wind 
power generation itself make output power of wind power generation fluctuate, and it may influence the 
power quality, like three-phase voltages imbalance, voltage fluctuation, harmonic and so on. At the same 
time, one main trend of the international wind power technology is the variable-speed constant- frequency 
doubly fed induction generator, and the study of wind power generation has also turned to incessant 
operation [1-3] in condition of fault grid from stable operation of power network [4-5]. That is to say, when 
utility power runs into fault like grid voltage dip, frequency fluctuation and utility power imbalance, the 
wind power generation needs to have some adaptability, and can work incessantly. This requires that with 
the help of the improved PLL, the phase of positive sequence component can be obtained quickly and 
accurately, even if the grid voltage appears to be unbalanced and distorted.  
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This paper presents working principle of traditional PLL based on d-q conversion and the influence of 
unbalance voltage. Based on the above, the improved PLL is put forward, and it can be used in DFIG wind 
power system. Its speed and stability lay the foundation for wind generator systems working incessantly in 
the main grid fault emergency conditions. 
2. Principle of Three Phase Phase-Locked Loop 
Three Phase phase-locked loop is an error signal feedback system, it is made of digital PLL based on the 
principle of synchronous rotating frame, low-pass filters and voltage-controlled oscillator (VOC), which is 
shown in figure 1. It transforms three-phase voltage to d-q component by coordinate conversion, set 
reference DC voltage of q-axis . As shown in figure 2, when q axis component is zero, d-axis 
component is completely cophase with voltage vector. Regard the values of voltage on various of q-axis 
 as the output 
_q refu
_q eru angle on various of PLL. Then the frequency will be got after PI controller, and angle 
value after proposed controller. When utility voltage has only positive sequence fundamental com- ponents, 
the steady value of d-q coordinate is DC current, phase and frequency can be locked by controlling q-axis 
component zero. As the inner of phase-locked loop is closed-loop controller, traditional three phase 
phase-locked loop that based on tracking utility voltage positive sequence fundamental components is fit for 
frequency detecting when the utility is balanced. But when changed suddenly, there’ll be instantaneous 
negative sequence and zero sequence fundamental components, this will lead to phase-locked loop output 
angle oscillate. 
When the utility voltage is unbalanced, there is not only positive sequence fundamental components, 
but also negative sequence and zero sequence fundamental com- ponents. For three phase system without 
neutralwire, zero sequence current is always not considered. At this moment, utility voltage can be 
expressed as (1): 
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From the equation,u+ , u− shows positive and negative voltage amplitude separately, 0θ − shows negative 
sequence voltage initial phase angle relative to negative sequence voltage. After 3/2 conversion, the 
expressions of output voltage can be got in αβ  static coordinate: 
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Positive sequence and negative sequence fundamental components in αβ  static coordinate of utility 
voltage can be expressed as: 
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After dq conversion to the synchronous coordinate system� 
'
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Based on (5) and (6): 
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When phase-locked loop works properly, tω θ≈ �so (7) can be expressed as: 
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We can see that, in positive sequence synchronous coordinate system, positive sequence component 
converts to DC component while negative sequence component to two times frequency component, 
because traditional PI controller can only be adopted to eliminate the steady state error, negative voltage 
will have a great disturbance on the output of phase- locked loop[6-7]. 
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Figure 1. Schematic diagram of three PLL. 
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Figure 2. Vector diagram partition. 
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3. Model of Improved PLL  
Currently, the main problem of the SPLL is the voltage negative sequence component due to utility 
voltage im- balance. Under the influence of voltage negative sequence component, the cutoff frequency of 
loop filter must be very low for obtaining a good steady-state of PLL, which greatly influences transient 
response. In order to solve these problems, a method based on four enhanced phase-locked loops(EPLL) 
has been proposed in[8].This method can eliminate the influences of utility voltage imbalance but DC 
offset. Two other schemes supposed using dual-dq PLL to restrain the influences of voltage negative 
sequence component. However, two of them used several low-pass filters which lead to a great delay 
[9-10]. A delay controlling method can also suppress the negative influence as [11], but the delay time T is 
a fixed value. So it will fail to lock phase when grid frequency has a fluctuation. 
Based on the analysis and research of the above schemes, this paper proposed improved PLL which 
uses variable cycle delay control on the basis of [11]. The control scheme is represented in figure 3. 
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Figure 3. The control scheme of improved PLL 
Compared with the three phase-locked loop before, phase shift controllers were added after 3/2 
transformation which could counteract the perturbation of two times frequency of grid. The principle of 
phase shift controllers represented in (9): 
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From the equation, the perturbation of two times frequency of grid is counteracted by 1/4 period 
interleaving. The specific method is: the parameter was calculated by combining the dq components by 1/4 
period delaying with the original one and closed loop control. N in the phase shift controller is the 
sampling number in a regular periodicity. 
N is always a fixed value as [11]. By 1/4 period delaying, the influence of the negative sequence 
components of the grid voltage could be effectively eliminated. But the frequency is never stable when 
failures occur in the power grid. Now if N is still a constant, the phase shift controller will be virtually 
useless. So an alterable sampling period filtering algorithm is proposed and studied in this paper. N could 
be changed according to grid frequency. The negative sequence of two times fre- quency of grid is 
counteracted by 1/ 4 period interleaving. 
To investigate the enhanced control and operation of wind power generation systems based on DFIG 
when the network voltage is unbalanced, a proportional-resonant current control scheme and coordinated 
control strategies for grid- and rotor-side converters are presented. The way is to detect the positive and 
negative sequence components of unbalanced grid voltage by dq conversion and decoupling calculation. 
So the amplitude and phase of the positive and negative sequence components should be got by using PLL 
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[12]. 
The negative sequence components of unbalanced grid voltage represented in (10) and (11) based on (4) 
and (5). 
'
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Be similar with positive sequence synchronous coordinate system, the negative sequence component 
converted the DC component while the positive sequence component to the two times frequency 
component in the negative sequence synchronous coordinate system. At this time, the perturbation of two 
times frequency of grid is counteracted by 1/4 period interleaving too. 
But in actual applications, phase lag of input voltage may be occurred because of the voltage 
examination equips and ADC module. The delay time by ADC module could be diminished by enhancing 
the sampling frequency. To further reduce steady-sate phase error, this paper added the phase 
compensation technique. 
Assuming d-axis of the synchronous revolution coordinate lag behind the grid,φ could be defined as the 
phase lag angle. The input voltage ( )s sd squ u ju= +  could be rotated counterclockwise forφ degree to 
obtain a new voltage ' ' '( )s sd squ u ju= + . Then the d- axis could be focused at the desired direction owing 
to the adjustment of 'squ by PLL. 
The relation of ( , )sd squ u  and 
' '( , )sd squ u  can be represented as follows. 
' ' ( jsd sq sd squ ju u ju e)
φ+ = +                                                   (12) 
Extending this expression, (13) could be got by making equation of both real and virtual [13]. 
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4. Simulation and Experiment 
To find out the scheme correct and feasible, the paper makes an analysis simulation analysis with the 
use of Matlab/Simulink based on the mathematical model. Figure 4 and 5 show the results of PLLs 
including phase and dq components of positive sequence voltage due to the closed-loop control system, 
with the utility voltage imbalance but 50 Hz frequency. Well, it is also evident that the next figure is much 
better than others because of using the improved PLL. 
   
Figure 4. Simulation results of three PLL. 
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Figure 5. Simulation results of improved PLL. 
The result of PLLs are shown in figure 6 and 7, with the utility voltage imbalance and frequency 
oscillation. Both of them use phase shift controllers, however the technology of variable cycle delay 
control is introduced in figure 7. It has been proved by simulation that the scheme shown in figure 7 is 
indeed a very efficacious approach to follow grid frequency in real time. 
    
Figure 6. Simulation results of constant delay control PLL. 
    
Figure 7. Simulation results of improved PLL. 
Applying this improved scheme in the AC-excited power supply for a variable-speed 
constant-frequency wind energy generation system with DFIG, the block diagram of wind power system 
based on the stator voltage oriented vector control strategy was shown in figure 8[14]. 
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Figure 8. Control block diagram of the whole system. 
Based on figure 8, the double fed wind power generation system and the system chart based on power 
and current double closed-loop control tactics are made. Stator voltage and current measurement, the 
feedback of active and reactive power could be got to compare with the setpoint. The phase and frequency 
of grid voltage could be obtained with the improved PLL, shown in figure 9.The signal of speed could be 
measured by incremental photoelectric encoder. When knowing both phase of grid voltage and the signal 
of speed, it is easy to get the slip signal. This scheme realized to capture the maximum wind energy and 
decouple the active and the reactive power. And it constituted a flexible experi- mental platform for future 
research of wind power system low voltage ride through technology in the laboratory. The experimental 
platform of motor drive is shown in figure 10. 
 
Figure 9. The phase and frequency of grid voltage. 
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Figure 10. The experimental platform of motor drive. 
5. Conclusion 
With the proportion of the installed capacity of wind power generators in the grid increasing, the impact 
of wind generators on the grid can’t be ignored. It is necessary to study the operation characteristics of 
wind generators and their influence on themselves and the grid to assure that the grid-connected wind 
generators and the grid can run on the safe side. So the reliability and speediness of detecting the frequency, 
phase and amplitude of the grid voltage are very important. This paper proposed a improved PLL scheme. 
All those relative theoretical research result has been validated and improved by experiments and 
emulation, and a perfect result has been produced. Then it was used in the doubly-fed generating system. 
As a preparative research fruit, the scheme is capable of offing the basis for the controlling of wind energy 
generation systems under unbalanced grid conditions. 
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